The cerium meta-oxoborate δ -Ce(BO 2 ) 3 was synthesized under high-pressure / high-temperature conditions of 3.5 GPa and 1050 • C in a Walker-type multianvil apparatus. The crystal structure was determined by single crystal X-ray diffraction data, collected at r. t. The compound crystallizes monoclinicly in the space group P2 1 /c with the lattice parameters a = 422.52(8), b = 1169.7(2), c = 725.2(2) pm, and β = 91.33(3) • . The structure is isotypic to the recently published high-pressure phase δ -La(BO 2 ) 3 , consisting exclusively of corner sharing [BO 4 ] 5− tetrahedra.
Introduction
Recent investigations into the chemistry of oxoborates under high-pressure / high-temperature conditions led to a large variety of new compositions and polymorphs. Compounds like RE 4 B 6 O 15 (RE = Dy, Ho) [1 -3] and α-RE 2 B 4 O 9 (RE = Sm-Ho) [4 -6] have extended the structural chemistry of oxoborates by the new structural motive of edge-sharing [BO 4 ] 5− tetrahedra. The oxoborates RE 3 B 5 O 12 (RE = TmLu) [7] and β -HfB 2 O 5 [8] , formed under high pressure, showed structures analogous to those found in silicate chemistry. With the synthesis of β -HfB 2 O 5 [8] and β -SnB 4 O 7 [9] , we were able to obtain the first crystalline compounds in the ternary systems Hf-B-O and Sn-B-O, respectively. Normally, these systems form glasses at ambient-pressure conditions, while the parameter pressure induces crystallization in both systems. Furthermore, we observed the existence of several new polymorphs of well-characterized normal-pressure phases, e. g. χ-REBO 3 (RE = Dy, Er) [10] , β -CaB 4 O 7 [11] , β -HgB 4 O 7 [12] , and β -ZnB 4 O 7 [13] . Synthetic investigations into the technologically important non-centrosymmetric material α-BiB 3 O 6 (BIBO) revealed two new centrosymmetric polymorphs (β -BiB 3 O 6 and γ-BiB 3 O 6 [14] ) and a non-centrosymmetric high-pressure modification δ -BiB 3 O 6 showing a remarkable SHG effect [15] . In analogy to BiB 3 O 6 , which exhibits four different modifications, we were also able to add a third and a fourth structural variant to the rare earth meta-0932-0776 / 07 / 0600-0759 $ 06.00 © 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com oxoborates RE(BO 2 ) 3 ≡ REB 3 O 6 . Following the wellknown monoclinic phases α-RE(BO 2 ) 3 [16 -29] and the orthorhombic phases β -RE(BO 2 ) 3 [30, 31] , we were able to add a third polymorph γ-RE(BO 2 ) 3 (LaNd) [32, 33] to the system under high-pressure conditions (7.5 GPa). A more detailed investigation of the pressure region between ambient pressure and 7.5 GPa led to the discovery of a fourth meta-oxoborate δ -La(BO 2 ) 3 at a pressure of 5.5 GPa [34] . A detailed summary concerning the structures of all four modifications is given in reference [34] . With δ -Ce(BO 2 ) 3 we present the second example of the fourth modification of rare earth meta-oxoborates, about which we report the synthetic conditions, structural details, thermal behaviour, and IR spectra, in comparison to the already known phase δ -La(BO 2 ) 3 .
Experimental Section
The new modification of cerium meta-oxoborate was synthesized under high-pressure / high-temperature conditions of 3.5 GPa and 1050 • C. Starting reagents were powders of CeO 2 (Auer-Remy, Hamburg, Germany, 99.9 %) and B 2 O 3 (Strem Chemicals, Newburyport, USA, 99.9 %), which were carefully mixed and filled into a boron nitride crucible (Henze BNP GmbH, HeBoSint ® , Kempten, Germany) in the stoichiometric ratio CeO 2 : B 2 O 3 = 2 : 3. According to eq. (1), the products of this redox reaction were δ -Ce(BO 2 ) 3 and oxygen. High-pressure conditions were applied using multianvil equipment, based on a Walker-type module and a 1000 t press (both devices from the company Voggenreiter, Mainleus, Germany). The boron nitride crucible was positioned inside of the centre of an 18/11 assembly, which was compressed by eight tungsten carbide cubes (TSM-10, Ceratizit, Reutte, Austria). For a detailed description of the assembly, see references [35 -38] .
In order to synthesize δ -Ce(BO 2 ) 3 , the crucible was compressed up to 3.5 GPa in 90 min. At constant pressure, the sample was heated up to 1050 • C in 20 min (cylindrical graphite furnace), kept at this temperature for 5 min, and cooled down to 450 • C within another 30 min. Afterwards, the sample was quenched to r. t. by switching off the heating. A decompression period of 5 h followed. δ -Ce(BO 2 ) 3 Table 2 . Atomic coordinates (Wyckoff site 4e for all atoms) and isotropic equivalent displacement parameters (U eq ,Å 2 ) for δ -Ce(BO 2 ) 3 (space group: P2 1 /c). U eq is defined as one third of the trace of the orthogonalized U ij tensor. (4) could be easily separated from the boron nitride crucible as a colourless, air-and water-resistant, crystalline solid. In order to define the pressure range in which this δ -modification of cerium meta-oxoborate can be synthesized, additional experiments under varying pressure conditions and at the same temperature were performed. Pressure conditions of 2 GPa led to the synthesis of the cerium orthooxoborate π-CeBO 3 [24, 39, 40] and a hitherto unknown byproduct. Slightly higher pressure of 3 GPa resulted in the formation of a glass. At 5.5 GPa, the densest modification of the rare earth meta-oxoborates was formed: γ-Ce(BO 2 ) 3 . Obviously, there exists only a small pressure range (3.5 -4.5 GPa) in which δ -Ce(BO 2 ) 3 can be successfully synthesized.
Crystal structure analysis
The powder diffraction data of monoclinic δ -Ce(BO 2 ) 3 were collected with a Stoe Stadi P diffractometer, using monochromatized CuK α1 radiation. The diffraction pattern of δ -Ce(BO 2 ) 3 (Table 1) were obtained from least-squares fits of the powder data. The correct indexing of the pattern was confirmed by intensity calculations [42] , taking the atomic positions from the structure refinements of δ -Ce(BO 2 ) 3 (Table 2). The lattice parameters determined from the powder and the single crystal data [a = 422.52 (8) , b = 1169.7(2), c = 725.2(2) pm, and β = 91.33 (3) • ] agree well.
Small single crystals of δ -Ce(BO 2 ) 3 were isolated by mechanical fragmentation and examined by Buerger precession photographs. Single crystal intensity data were collected at r. t. from a regularly brick-shaped colourless crystal by use of a Stoe IPDS-I diffractometer (MoK α radiation, λ = 71.073 pm). A numerical absorption correction (HABITUS [43] ) was applied to the intensity data. All relevant information concerning the data collection is listed in Table 1 . The starting positional parameters were taken from the structural refinement of δ -La(BO 2 ) 3 [34] . The structure of δ - Ce(BO 2 ) 3 was refined with full-matrix least-squares methods on F 2 with anisotropic displacement parameters for all atoms using SHELXL-97 [44] . The final difference Fourier synthesis did not reveal any significant residual peaks (see Table 1 ). The details of the single crystal structure measurement are shown in Table 1 . Additionally, the positional parameters (Table 2) , anisotropic displacement parameters (Table 3), interatomic distances, and angles (Tables 4 and 5 
Results and Discussion
The crystal structure of δ -Ce(BO 2 ) 3 is built up exclusively from [BO 4 ] 5− tetrahedra, which are linked via common corners to form a network. Fig. 1 gives a view of the crystal structure along [100] , showing large ten-membered rings occupied by the cerium ions, and small, empty four-membered rings. For a more detailed description of the structure, including an analysis of the main building block and its linkage to corrugated layers, which are connected to the network structure, the reader is referred to the description of the isotypic compound δ -La(BO 2 ) 3 (ref. [34] ). In this paper, we briefly summarize the differences of the Table 6 . Charge distribution in δ -Ce(BO 2 ) 3 , calculated with the bond-length / bond-strength (ΣV ) [49, 50] and the CHARDI concept (ΣQ) [51] . Table 4 ). The three largest values 149.9(4), 153.1(4), and 153.4(4) pm are the three B-O distances around the threefold coordinated oxygen atom O1, which are significantly longer than to the twofold coordinated oxygen atoms. Summing up, the B-O bond lengths tally with those in δ -La(BO 2 ) 3 . Small differences are found in the environment of the rare earth ions. For δ -La(BO 2 ) 3 , we reported a 10+2 coordination in the range 245 -310 pm (ten atoms) plus two oxygen atoms at a distance of 325 and 331 pm [34] . Applying the same ECoN calculations (Effective Coordination Numbers according to Hoppe [46 -48] ) to δ -Ce(BO 2 ) 3 , we find ten oxygen atoms in the range 243 -308 pm plus two oxygen atoms at a distance of 328 and 333 pm, i. e. slightly shorter values due to the smaller size of Ce 3+ as compared to La 3+ . Analogously to the series of lanthanum meta-oxoborates α-, δ -, and γ-La(BO 2 ) 3 , in which the La 3+ ions possess a 10-, 10+2-, and 10+5-fold coordination, δ -Ce(BO 2 ) 3 takes also the middle position between α-and γ-Ce(BO 2 ) 3 . The calculated densities of α-Ce(BO 2 ) 3 (4.30 g cm −3 ) [24] , δ -Ce(BO 2 ) 3 (4.98 g cm −3 ), and γ-Ce(BO 2 ) 3 (5.04 g cm −3 ) [33] increase with the applied pressure from "ambient" via 3.5 GPa up to 7.5 GPa, respectively. In analogy to δ -La(BO 2 ) 3 , we have calculated bond valence sums for δ -Ce(BO 2 ) 3 with the bondlength / bond-strength [49, 50] and the CHARDI concept (Charge Distribution in Solids according to Hoppe [51] ). Table 6 displays the results of the formal ionic charges of the atoms, which are in agreement within the limits of both concepts. Again we find that the threefold coordinated O1 in δ -Ce(BO 2 ) 3 displays a reduced value of −1.79 (ΣQ) in the CHARDI picture comparable to the value of −1.75 in δ -La(BO 2 ) 3 . This deviation occurs only in the CHARDI calculation, whereas the bond-length / bond-strength value of −2.04 corresponds well to the expected one. A comparative discussion was already given in great detail for δ -La(BO 2 ) 3 and the corresponding oxoborates, possessing three-coordinate oxygen atoms [34] .
Furthermore, we have calculated the MAPLE value (Madelung Part of Lattice Energy according to Hoppe [46 -48] [34] .
Thermal behaviour of δ -Ce(BO 2 ) 3
The in situ temperature-programmed X-ray powder diffraction experiments were performed on a Stoe Stadi P powder diffractometer (MoK α radiation) with a computer controlled Stoe furnace. The sample was enclosed into a quartz capillary and heated from r. t. up to 500 Fig. 2 shows that the reflections of the meta-oxoborate δ -Ce(BO 2 ) 3 can be detected up to a temperature of 850 • C. Afterwards, a transformation of the high-pressure phase δ -Ce(BO 2 ) 3 into the monoclinic normal-pressure meta-oxoborate α-Ce(BO 2 ) 3 occurs. Additionally, reflections of CeO 2 appear in the powder patterns, which result from a partial decomposition of the meta-oxoborates into CeO 2 and B 2 O 3 . Interestingly, the same decomposition was observed in the temperature-programmed X-ray powder diffraction experiments on the meta-oxoborate γ-Ce(BO 2 ) 3 [33] .
Infrared spectroscopy of δ -Ce(BO 2 ) 3 An infrared (IR) spectrum of δ -Ce(BO 2 ) 3 (Fig. 3 ) was recorded on a Bruker IFS66/v spectrometer, scanning a range from 400 to 4000 cm −1 . The sample was thoroughly mixed with dried KBr (5 mg sample, 500 mg KBr) in a glove box under dried argon atmosphere. Fig. 3 shows the section 400 -2000 cm −1 of the infrared spectrum of δ -Ce(BO 2 ) 3 in direct comparison with the spectrum of the isotypic δ -La(BO 2 ) 3 . The spectrum of δ -Ce(BO 2 ) 3 is nearly identical to the spectrum of δ -La(BO 2 ) 3 with a slight shift to higher wavenumbers. The assignment of the absorption peaks corresponds to the situation in δ -La(BO 2 ) 3 [11, 13, 31, 33] ). For a detailed discussion of the assignment see reference [34] .
Conclusions
The successful syntheses of δ -La(BO 2 ) 3 (5.5 GPa) and the isotypic cerium meta-oxoborate δ -Ce(BO 2 ) 3 at a pressure of 3.5 GPa have suggested that the same synthetic conditions applied to the next smaller rare earth ion Pr 3+ could lead to an isotypic praseodymium metaoxoborate. However, experiments with Pr 6 O 11 as the rare earth oxide did not lead to the expected borate δ -Pr(BO 2 ) 3 . Instead, the synthesis resulted in a new composition Pr 4 B 10 O 21 , in which nine boron atoms possess a tetrahedral and one boron atom a trigonal coordination [57] . Obviously, there exist further unknown compositions and structures in rare earth oxoborate chemistry, which can be reached synthetically only via the parameter pressure.
